A tryptophanase gene from Enterobacter aerogenes SM-18 was cloned and sequenced. The structural gene for tryptophanase, tnaA, consisted of 1389 bp encoding 462 amino acid residues, and its nucleotide sequence and deduced amino acid sequence showed significant homology to those of tllaA from Escherichia coli K12. A short open reading frame consisting of 31 amino acid residues was found upstream of tnaA, and it showed some similarity to the E. coli tnaC gene known to be a cis-acting regulatory element for transcription. A partial open reading frame homologous to the 5' end of E. coli tnaB was observed at the 3' -flanking region of tnaA. These genes may thus constitute an operon as in E. coli.
Introduction
Tryptophanase is a catabolic enzyme that catalyses the degradation of L-tryptophan to indole, pyruvic acid and ammonia by an a,/3-elimination reaction, and requires pyridoxal5'-phosphate as a co-factor (Wood et aI., 1947; Snell, 1975) . This enzyme has been found mainly in enteric bacteria. The genes for tryptophanase from Escherichia coli K12 (Deeley & Yanofsky, 1981) , Proteus vulgaris (Kamath & Yanofsky, 1992) , Symbiobacterium thermophilum (Hirahara et al. , 1992) and Alcaligenes faecalis (Omori et al., 1987) have been cloned, and the first three have been sequenced.
Since the reverse reaction of tryptophanase is possible at high concentrations of ammonia and pyruvic acid, this enzyme may be used as a catalyst for the production of L-tryptophan (Watanabe & Snell, 1972; N akazawa et aI., 1972a, b) . We have tried to improve the industrial feasibility of L-tryptophan production using tryptophanase, in which one of the substrates, pyruvic .acid, is supplied economically by microbial fermentation (Takao etal., 1984 ; Yokota etal., 1989; Oita et al., 1990) . A pyruvic-acid-producing mutant of Enterobacter aerogenes, strain LT-94 was constructed from a high-tryptophanase strain, Ent. aerogenes AHU1540. After pyruvic acid was produced from glucose by strain LT-94, L-tryptophan production was achieved enzymically by direct addition of the remaining substrates, i.e. indole and alnmonia, to the fermentation broth (Oita et al. , 1990) .
The amount of L-tryptophan production depended mainly on the tryptophanase activity of the producer, and thus it seemed necessary to increase the activity of tryptophanase in order to improve L-tryptophan production (Oita et al. , 1990) . The induction of tryptophanase in this strain is severely repressed by glucose or pyruvic acid (Oita et al., 1990) . Thus, it is important to release repression in order to get higher enzyme activity. For these purposes, we attempted to clone and characterize the tryptophanase gene (tna gene) from Ent. aerogenes SM-18 as presented in this paper.
Methods
Media. LB medium containing 10 g Bacto-Tryptone (Difco) I-I , 5 g Bacto-Yeast Extract (Difco) I-I and 5gNaCII-1 was used as the complete medium. LB-HEPES was used for the study of tryptophanase induction, and was prepared by adding 0·1 M-HEPES and 0·5 mMpyridoxin. HCI to LB followed by adjustment of the pH to 7·0. The tna+ selective medium contained M9 minimal salts (Miller, 1972) ,4 g glycerol I-I , I g Bacto-VitaminAssay Casamino acids (Difco) I-I, 10 mg indole I-I, 50 mg 5-methyl-DL-tryptophan (5MT, Nacalai Tesque Inc., Kyoto, Japan) I-I, 50 mg each of L-threonine and L-Ieucine I-I, 200 J,lg thiamin. HCII-I and I J,lM-FeCI 3 . The L-tryptophan analogue 5MT was added as an inducer for tryptophanase (Yudkin, 1976) . These media were solidified by 20 g Bacto-Agar (Difco) -I when used in plates.
Bacterial strains, plasmids and phages. Bacterial strains, plasmids and phages used in this study are listed in Table I .
Construction of E. coli strains for cloning the tnagene. Strain TRIIM, which has both L-tryptophan auxotrophy and a tryptophanase defect, was used for detection of the tna gene by complementation on tna+ selective medium in cloning of the tna gene, and was constructed from E. coli C600 r-m-as follows. Among the tryptophan auxotrophs derived by UV mutagenesis, a mutant (strain T4) unable to utilize indole for growth was selected as a trpB-defective strain. This strain was further mutagenized by treatment with NTG in order to obtain a tryptophanase-negative mutant. The selection of the tryptophanasenegative mutants was carried out by penicillin G enrichment in the tna+ selective medium, followed by replica-plating using the tna+ selective agar medium supplemented with 50 mg L-tryptophan I-I as a master plate and one without L-tryptophan as the selective plate. Strain TR II was obtained as a representative strain. The inability of this strain to synthesize tryptophanase protein was confirmed by SDS-PAGE of total cell proteins (data not shown). Strain TRIIR was obtained by conjugation of strain TRll with E. coli MCL31 (Lorence & Rupert, 1983) , and is a recombination-defective strain. TRIIM was derived by lysogenization of Mu-I into TRllR by the method described by Boucher et al. (1977) . This lysogenization stabilized the cloned tryptophanase gene on a mobile plasmid, RP4: : Mu cts62, by repressing heat induction.
Induction and assay of tryptophanase. To study induction of tryptophanase, 3 ml of a mid-exponential phase culture in LB was inoculated into 50 ml of LB-HEPES supplemented with or without 1 g L-tryptophan I-I, and cultured with reciprocal shaking at 37°C for 12 h. For repressing conditions, LB-HEPES supplemented with both 1 g L-tryptophan I-I and 10 g glucose I-I was used, and the culture time was shortened to 6 h. Cells were collected by centrifugation, washed with 50 mM-potassium phosphate buffer (pH 7'2), and used for the . assay. Tryptophanase activity was determined by measuring indole formation from L-tryptophan by the enzyme reaction as described by DeMoss & Moser (1969) except that the concentration of pyridoxal 5'-phosphate in the complete reaction mixture was increased to 130 mg I-I One unit of trypt'Ophanase activity was defined as the amount of the enzyme that formed I J,lmol indole min-I under these assay conditions. Activity was expressed as units per mg dry wt cells.
Detection of the Tna+ phenotype. The Tna+ phenotype of the transconjugants or transformants was checked by detecting indole liberated from L-tryptophan into the culture medium by the tryptophanase reaction. Cells were grown in LB and the culture broth supernatant was mixed with an equal volume of colour reagent (DeMoss & Moser, 1969) .
DNA manipulations. Recombinant techniques were according to standard methods (Sambrook et al., 1989) . Extraction 'Of the large-size plasmlds pRMT3:3aild pRMT38 was done by the method of Shibano et al. (1985) . Transfo. rmation of E. coli strains was carried out by the meth?d of Hamili:in·( 1985) .
Cloning of the' tna gene from Ent. aerogenes Clolling of the tna gene was carried out basically by the method of Deeley & Yanofsky (1981) using a :m'Obile plasmid, RP4::Mucts62 (Muraoka et aI., 1981) . Ent. aerogenes SM-18RM was used as a donor strain, and a tryptophanase-defective strain, E. coli TRIIM was used as recipient strain. Strain SM-18RM was constructed by conjugation of Ent. aerogenes S¥-18 with E. coli K-12MuR(pGMIII7) by the method of Mur'Ooka et al. (1981) . The conjugants were selected on LB agar plates containing 150 J,lg Ap ml-I and 100 J,lg Sm sulphate ml-I . The doner, Ent. aerogenes SM-18RM was cultured in LB at 39 ~C without shaking for 16 h to allow partial heat induction of temperature-sensitive Mucts. The culture broth was mixed with a mid-exponential phase culture of E. coli TRIIM in LB, and the subsequent protocols for conjugative transfer of RP4: : Mu cts62 from Ent. aerogenes to E. coli were by the method of Murooka et al. (1981) with the following modifications: the conjugated cells on filter membrane were resuspended in. saline, and washed with saline three times to remove L-tryptophan, and appropriate dilutions were plated onto the tna+ selective medium supplemented with 150 J,lg Ap ml-I , and 25 J,lg Tc ml-I . After incubation at 37°C, two isolates were 'Obtained as the transconjugants harbouring RP4:: Mucts62:: tna+ The plasmids were extracted, and their abilities to retransform E. coli TRIIM to Tna+ were confirmed. They were designated pRMT33 and pRMT38, respectively. Plasmid pRMT33 was digested with HindlII , and the fragments generated were ligated into the /findIII site of pBR328. The ligation mixture was used to transform E. coli TRIIR selecting for Tna+ A plasmid containing a 30 kbp HindIII fragment was designated pBTI. This plasmid was digested with PstI and DNA fragments were ligated into the PstI site of pUC19 and the ligation mixture was used to transform TRIIR to Tna+. A clone that showed Tna+ was selected, and its plasmid, which contained a 5·8 kbp PstI fragment, was designated pKT403.
DNA sequencing. The target DNA fragments were subcloned into pUCll8 and/or pUC1l9. A series of nested deletions of each ' plasmid was constructed by the method of Yanisch-Perron et al. (1985) with mung-bean nuclease. Single-stranded plasmid DNA for the sequencing template was prepared by infecting E. coli MVl184 harbouring the plasmid with MI3K07. Dideoxy sequencing was performed using the Sequenase version 2.0 DNA sequencing kit (United States Biochemical Corp.) and . Computer analyses of nucleotide sequence and resulting amino acid sequence were performed with the software package DNASIS (Hitachi Software Engineering Co;, Japan).
SDS-PAGE.
This was done by the method of Laemmli (1970) with an 8 % (w Iv) acrylamide separation gel. Gels were stained with Coomassie Brilliant Blue R-250. Densitometric analysis was done with a Shimadzu model CS-9000.
Results and Discussion

Subcloning and localization of the tna gene
A partial restriction map of pKT403 was determined (Fig. 1) . Southern blot analysis revealed that the cloned fragment originated from the Ent. aerogenes chromosome (data not shown). To locate the tna gene, deletion derivatives (from pKT404 to pKT408, and pKT421) were constructed from pKT403 as described in Table 1 , and their abilities to complement Tna-were examined in E. coli TRI J.R with L-tryptophan as the inducer. As 
SDS-PAGE analysis of total cell proteins
This revealed that an extra protein was produced in E. coli TRIIR(pKT421) grown under inducing conditions, which was not detected in E. coli TRIIR(pUC19) (Fig.  2) . The molecular mass of this protein was estimated to about 50 kDa. This 50 kDa protein was also observed in Ent. aerogenes SM-18 grown under inducing conditions. A densitometric analysis of the gel revealed that the ratio of 50 kDa protein to total cell protein was 26 % for induced E. coli TRlIR(pKT421) and 15 % for induced Ent. aerogenes SM-18 . This agreed with the results of experiments (Table 2) showing that the activity of tryptophanase in induced E. coli TRIIR(pKT421) was twofold higher than that of induced Ent. aerogenes SM-18. Therefore, this 50 kDa protein was considered to be the tryptophanase protein.
Nucleotide sequence of the tna gene and deduced amino acid sequence
The nucleotide sequence of the tna gene region in the Sphl-Kpnl fragment was determined from both strands. Fig. 3 at the 3'-terrninus. Computer analysis of the sequence revealed one major open reading frame (ORF) comprising 1389 bp coding for 462 amino ~acids and significant homol<?gy between the nucleotide seq~ences of this ORF and tnaA from E. coli K12 (Deeley & Yanofsky, 1981) . Thus, it seems to be the structural gene for tryptophanase, and was designated tnaA . A Shine--Dalgarno (SD) sequence was found just before the ATG translation initiation codon. The molecular mass of the TnaA protein calculated from the predicted amino acid sequence is 51·8 kDa, which is in good agreement with the result of the SDS-PAGE (Fig. 2) . Tp.~ deduced amino acid sequence is 60 % identical to that of E. coli TnaA (Fig. 4) . A larger value, 70 %, was observed between Ent. aerogenes TnaA and P. vulgaris TnaA (Kamath & Yanofsky, 1992) . The lysine residue of'E. coli TnaA (Lys-270 indica-ted by a triangle in Fig. 4) 
Enterobacter aerogenes tna gene 3279 form a Schiff's base with pyridoxal 5' -phosphate (Kagamiyama et aI., 1970) . In the Ent. aerogenes sequence, a lysine residue corresponding to this Lys-270 was found. In E. coli, tnaA is part of the tryptophanase operon. The promoter requires a CRP-cAMP for the initiation of transcription, and there is a CRP-cAMP binding site just upstream of the promoter sequence (Deeley & Yanofsky, 1982) . It has been shown that for inducibl~expression of the operon, translation of the short ORF coding for 24 amino acids, tnaC; located between tnaA and the promoter region, is necessary ). An antitermination site for the rho-dependent terminator, lying between tnaC and tnaA, plays an important role in gene expression (Stewart & Yanofsky, 1985; Stewart et aI., 1986) . Furthermore, translation of a single Trp codon in tnaC is essential for inducible expression of this operon (Gollnick & Yanofsky, 1990) . A structural gene for a tryptophan specific permease, tnaB, is at the 3'-flanking region of tnaA (Sarsero et aI., 1991) . A similar gene organization has been reported in P. vulgaris (Kamath & Yanofsky, 1992) .
The nucleotide sequences surrounding Ent. aerogenes (Fig. 5) . Downstream of tnaA, a partial ORF that has homology to the 5' end of E. coli tnaB was found (Sarsero et aI., 1991) . As this partial ORF seemed to be a part of the structural gene for tryptophan permease, we designated it tnaB' (Fig. 3) . Between tnaB and tnaB' were found two inverted repeats with stretches of T bases, which may serve as a rho-independent termination site (Fig. 3 ).
In conclusion, we have found that the organization of the tna gene from Ent. aerogenes SM-18 is similar to those from E. coli K12 and P. vulgaris . Therefore, we propose that the tna gene may constitute an operon structure in Ent. aerogenes 
